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A boundary plasma turbulence code BOUT is presented. The preliminary encouraging
results have been obtained when comparing with probe measurements for a typical Ohmic
discharge in CT-7 tokamak. The validation and benchmark of BOUT code and experimental

diagnostic tools for fusion boundary plasma turbulence is proposed.

*Work performed under the auspices of the U. S. Department of Energy by University of California
Lawrence Livermore National Laboratory under contract W-7405-ENG-48. '
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I. INTRODUCTION

The performance of tokamaks and other toroidal magnetic devices depends crucially on
the dynamics of the boundary region, i.e., the transition region from the hot core plasma
through the separatrix to the material surface of the first wall. Plasma turbulence, and
the resulting anomalous cross-field plasma transport, are crucial physics processes in the
boundary region, affecting both core plasma confinement and plasma-wall interactions. Re-
duction of anomalous plasma transport at the boundary, associated with the transition to
the H-mode operating regime, leads to sharp pedestal-like structures in the temperature
and density profiles. The large anomalous transport to wall has recently been argued nec-
essary to explain the experimental measurements for main chamber recycling and for the

scrape-off-layer (SOL) and/or core plasma particle balance.

The goal of the BOUT project is the development and deployment of a user-friendly,
state-of-art, nonlinear fluid turbulence capability for the analysis of boundary turbulence
in a general geometry on a routine basis. BOUT models the 3D electromagnetic boundary
plasma turbulence that spans the separatrix using a set of fluid moment equations with the
neoclassical closures for plasma vorticity, density, ion and electron temperature and par-
allel momentum, and with proper sheath boundary conditions in the SOL.%? The BOUT
code solves these equations in a 3-D toroidal segment, including the region somewhat inside
the separatrix and extending into the SOL; the private flux region is also included. With
poloidal flux, 1, normalized to unity on the separatrix, we typically take the inner simula-
tion boundary condition to be %,.=0.9 and the outer boundary at wwzl.i. The boundary
conditions are homogeneous Normann at ¥ = 3. and at ¥ = v, sheath boundaries in
the SOL and the private flux regions, periodic in poloidal direction in “edge” (inside of
separatrix), and periodic in toroidal direction. A finite difference method is used, and the
resulting difference equations are solved with a fully implicit, parallelized, Newton-Krylov
solver PVODE/PVODE. In order to investigate boundary turbulence, BOUT is able to cou-
ple to the edge plasma transport code UEDGE, and MHD equilibrium code EFIT to get the

realistic X-point divertor magnetic geometry and plasma profiles.



BOUT contains much of the relevant physics for the pedestal barrier problem for the
experimentally relevant X-point divertor geometry. Encouraging results have been obtained
when using measured plasma profiles in current generations of major US fusion devices such
as DIII-D, C-Mod and NSTX. The resistive X-point mode has been identified in a X-point di-
vertor geometry.>* Comparison of the shifted-circle vs. X-point geometry show the different
dominant modes and turbulence fluctuation levels.? The poloidal fluctuation phase velocity
shows experimentally observed structure across the separatrix in many fusion devices.® The
fluctuation phase velocity is larger than ExB velocity. The Quasi-Coherent mode is believed
to be responsible for the high energy confinement (H-mode), yet acceptably low particle (im-
purity) confinement in the Alcator C-Mod high density plasma regime. The experimentally
measured dispersion and mode stability is in good agreement with the resistive ballooning
X-point mode predicted by the BOUT code.® A strong poloidal asymmetry of particle flux
in the proximity of the separatrix may explain the paradox of the JET probe measurement of
the particle flux when comparisons of the limiter vs. divertor experiments had been made.?
Our L-H transition with simple sources added shows transitions with resistive X-point modes

dominating L-mode. The levels of turbulence are similar to experimental measurements.®

There exist many experimental turbulence measurements in the pedestal region and in
the SOL. The common measurements are the electrostatic probes, reflectometry, and phase
contrast imaging (PCI), Beam Emission Spectroscopy (BES), and Gas Puff Imaging(GPI).
It is the time to obtain coherent understanding of the boundary turbulence dynamics and
benchmark BOUT results with the experimental measurements. The diagnostic tools typi-
cally limit either to the local measurements in space or to particular turbulence quantities
with certain work assumptions. With the well bench-marked code at the location to the
| particular measurement, or to particular turbulence variables, the BOUT is able to validate
the diagnostic tool, patch the experimental measurements together and yields global un-
derstanding of the boundary turbulence dynamics. The special effort will boost boundary
turbulence modeling to obtain a realistic simulation tool for experimental data analysis on
a routine basis. It will stimulate theoreticians, modelers, experimentalists, and computer
scientists'to work together and to build solid understanding of boundary turbulence based

on the common ground.



II. Preliminary BOUT simulations of HT-7 tokamak

As an example here, the BOUT simulations are carried out using HT-7 tokamak boundary
plasma parameters: Ry=122cm, a=27.5cm, g(a)=2, §=1.The radial equilibrium profiles of
plasma density n.(r) and T.(r) are taken from the measurements of the fast reciprocating
Langmuir probe.” We use the hyper-tanh fit with the density scale length L,(a)=1.85cm and
electron temperature scale length Lz.(a)=3.1cm. The electron temperature and density at
the separatrix are T,(a) = 19eV and n.(a) = 1.8 x 10'2/cm? respectively. No experimental
measurements of either the ion temperature or the radial electric field are available. Given the
high collisoniality it is reasonable to assume T; = T,; while the radial electric field is obtained
from the nonlinear simulations themselves. The time history of the density fluctuation and
electric potential are shown in Fig. 1. The simulation starts from small fluctuations of
random noise, then it undergoes the linear growing phase. At wyt ~ 500, the unstable
modes inside the separatrix enter into a nonlinear phase. After a period of adjustment,
the turbulence-generated electric potential reaches its peak amplitude inside the separatrix;
the fluctuating density and turbulent particle flux are significantly suppressed there after

weit ~ 10000. However, the fluctuating density remains large in the SOL outside separatrix.

The time history of the radial profile of the turbulence-generated particle flux is shown in
Fig. 2(a). Similarly as the fluctuating density, after a period of adjustment, the turbulence-
generated shear flow significantly suppressed the particle flux inside the separatrix after
wet ~ 10000. However, the fluctuating particle flux outside separatrix remains large and
bursting. Fig. 2(b) shows the radial profile of the root-mean-square (rms) of particle flux.
The peak amplitude is I' ~ 3x 101 /m?/s, which is consistent with the probe measurements.”
The radial profiles of the rms density, electric potential, electron and ion temperature are
given in Fig. 3. They are again consistent with the probe measurements. The radial profiles
of turbulence-generated electric field E, is plotted in Fig. 4. Though the radial electric field
E., is dominated by the sheath potential in the SOL, there is still some modification by the

turbulence, especially in the proximity of the separatrix.
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Figure 1: (a)The time history of rms amplitude of fluctuating density; (b)The flux surface

averaged electric potential.
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Figure 2: (a)The time history of turbulent particle flux; (b)The flux surface and time aver-

aged turbulent particle flux.
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Figure 3: The radial profiles of the rms fluctuating density, potential, electron and ion

temperature.
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Figure 4: The radial profile of turbulence-generated electric field E,.. The total radial electric
field is E, = E.¢ + Epre.



III. Summary and Outlook

We have presented a model for 3D boundary turbulence in tokamaks which evolves radial
electric field together with turbulence. Preliminary encouraging results have been obtained
when comparing with probe measurements. We find that in a typical Ohmic discharge, SOL
instabilities dominate boundary plasma fluctuations in HT-7 tokamaks due to the flow-shear
suppression of turbulence inside the separatrix. The systematic benchmark and validation
with experiments are necessary to obtain a realistic simulation tool for experimental data

analysis on a routine basis.

We propose to establish the Virtual Center for boundary plasma turbulence, a collabora-
tion between computationalists, theorists, and experimentalists in Chiﬁa which will build on
the current generation of boundafy plasma turbulence code (BOUT). The center will develop
stronger collaborative relations with the US BOUT modeling efforts. BOUT will be used to
uncover the basi¢ physical mechanisms of important edge phenomena and to predict edge
plasma behavior for evaluation and optimization of future devices. The code will be applied
to key issues including the role of non-diffusive and/or large-event-dominated transport, the
transition to the enhanced high-confinement mode, edge-localized modes, core density-limit
phenomena, and characterization of the loss and fueling channels through the edge plasma.
Developing the Virtual Center would also contribute to efforts to bring the bright graduate

students to the fusion programs
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